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Abstract

The Rockingham-Becher Plain is a large, cuspate, beachridge system in the central portion of the
Cape Bouvard-Trigg Island Sector of the inner Rottnest Shelf coast. The main geomorphic
components in the arca are shore-parallel Pleistocene acolianite ridges and their associated interven-
ing depressions, and the Holocene units ol basins. slopes. banks/nearshore platforms. beaches, and
beachridge/dunes. The Holocene sedimentary lacles have generated distinctive suiics of sediments
and a relatively simple stratigraphy: the facies of the basin has formed the calcarcous mud of the
Bridport Calciluunite, the facics of the banks, slopes. and nearshore platforms have developed the
bioturbated sediment of the Becher Sand. and the facies of the beaches, beachridges. and dunes have
developed the Safety Bay Sand. Most of the Holoeene sequence underlying the Rockingham-Becher
Plain is comprised of these stratigraphy units in simple supcrposition.

Radiocarbon dating of the sequences indicates that the Holocene marine record begins a1 7 980 C14
vrs BP. and that beach conditions were established along the fossil shoreline at 6 645 C14 yrs BP with
relative sealevel at ¢ + 2.5 m. Since then relative scalevel has steadily dropped and sediments have
accreted rapidly 1o develop the broad be'lChI'ldgL plain. Isochron configuration shows that the plain
developed asymmetrically with sediment_increments accumulating preferentially on the southern
portion of the complex. Palacogeographic rcconstructions for the 8000 yr record presented in
2000 yr intervals show a complex coastal history of progressive sediment accretion. with cuspate

beachridge plain progradation. bank accretion centred on two major westward prograding banks, and

concomitant limestone island/reel chain crosion,

Introduction

The subject matuer of this paper, the Holocene coastal
ptain in the Rockingham and Becher Point area. is termed
herein the Rockingham-Becher Plain (Figs | & 2). It oc-
curs in the central part of the Cape Bouvard-Trigg Island
Scctor of southwestern Australia (Scarle & Semeniuk
1985). This sector 1s characterized by complex nearshore
bathymetry of Pleistocene ridges-and-depressions and ex-
tensive accumulations of Holocene sediments that form
prograded plains of heachridges and sand dunes. The
Cape Bouvard-Trigg [sland Scctor in particular is signifi-
cant in that 1t contains the largest accumulations of
Holocene sediment in this region.
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Prcvious work on the Rockingham-Becher Plain has
dealt with: Quaternary gcomorphology and stratigraphy
of the Point Peron arca (Fairbridge 1950); sedimentation
in Warnbro Sound {Carrigy 1956). Cainozoic stratigraphy
and shallow hydrology (Passmore 1970): generalized stra-
tigraphy and geomorphology (Seddon 1972): radiocarbon
dating and scalevel history (Woods & Searle 1983: Scarle
& Woods 1986}, development ol suhmarine halﬂ\S(SLallC

1984): development of soils on the plain (Woods 1984):
mapping of surface geologic unils (Geology Survey of WA
1983): calerete in the coastal sands and its use in Holocene
climate history (Semeniuk & Scarle 1985a; Semeniuk
1986a). the definition of the Becher Sand (Semeniuk &
Scarle 1985b). and the description of acolian landforms
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Figure 1 Locality diagram showing study area in the regional setting and in the Jocal coastal sector setting.
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Figure 2 Aerial photograph of study arca showing cuspate configuration of
shoreline, the chain of islands and reefs exiending from Garden | through
Penguin I and further south, and the prominent lincation of the beachridge
patterns.

(Scmeniuk ct al. 1987). These works. however. donot pro-
vide the detail on. and synthesis of. the available infor-
mation on the geomorphology. sedimentology. stratigra-
phy and age structure of the study area to the level
provided herein. In particular there is still a lack of ap-
preciation of the detailed Holocene history of the arca,

some ot which has worldwide significance. Accordingly.
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this paper integrates information trom the arca to demon-
strate how the Holocene coastal deposits formed. and to
highlight its valuec as a natural feature of scientific
significance.

Methods

Various methods were used to obtain data for this study
including stratigraphic analysis, surface mapping of sedi-
ments by diver, acrial photography, granulometry and
petrology of selected sediment, and radiocarbon analysis
of selected shell and peat (Fig. 3).

The Holoecne stratigraphy was investigated using re-
verse eirculation coring to depths of 33 m with continu-
ous sample recovery. percussion coring 1o retrieve cores
to depths of 20 m. auger drilling to the water table,
trenching (to 3 m below the water table using dewatering
pumps) and natural exposures such as wind-eroded sur-
faces and cliff faces. The stratigraphy offshore was inves-
tigated with “air-lift"" drilling and hand-driven cores. The
“air-1ift” drilling uses easing pipe and a smaller diameter
compressed air powered suction pipe: penctration in ex-
cess of 10m is possible in sediments. Stratigraphic study
sites were rclated to AHD by surveying.

The geomorphology and bathymetry of the area were
documented using vertical and oblique aerial photogra-
phy (at seales from 1:40 000 to 1:4 000), water penetrating
aerial photography, topographic maps and bathymctric
charts. and by surveving. Submarine mapping and sam-
pling was carried out by numerous diver traverses, repli-
catc grid sampling of substrates and by analysis of water
penctrating acrial photographs. Alongshore sampling of
the beach and foredune sediments also was carried out.
Sediment samples were petrographically analysed using
thin sections cut from resin-impregnated blocks. Selected
samples were granulometrically analysed using sieves at
cither 0.5 or 1 phi intervals.

The age structure of the sedimentary sequence was de-
termined by radiocarbon dating of sclected shells and peat
from discretely determined stratigraphic levels. This
stratigraphic approach and the critenia for material selec-
tion are detailed in Woods & Scarle (1983) and Searle &
Woods (1986).

Regional Setting

The Rockingham-Becher Plain is located in the
southern- eentral part of the Cape Bouvard-Trigg lsland
Scctor. The ncarshore-onshore geomorphology and
bathymetry of this entire scctor is dominated by a series of
shorc-parallel {or nearly so) submarine to emergent
Pleistocene acolianite ridges and associated depressions.
These are been termed from west to east (Fig. 1; Searle
1984: Scarle & Semeniuk 1985): Five Fathom Bank Ridge;
Sepia Depression; Garden Island Ridge; Warnbro-
Cockburn Depression: and Spearwood Ridge.

The ridges vary n relief from a few metres to in excess
of 80m above the floor of adjacent depressions, and in
continuity from continuous te discontinuous. The
Spearwood Ridge which is part of the Spearwood Dune
System (McArthur & Bettenay 1960) forms the mainland
shore, and forms a topographic barrier between the inner
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Rottnest Shelf and the low Swan Coastal Plain to the east
(Fig. 1). The Garden Island Ridge is situated some 10 km
offshore to the west. Holocene sediments have accumu-
lated mostly in thc depression between the Spearwood
Ridge and the Garden Island Ridge.

The offshore physical occanographic pattern along this
coast is tvpical of the region (Steedman & Craig 1983:
Scarle & Semcniuk 19835). The arca is wave dominated
and microtidal (Hodgkin & DiLollo 1957). The inshore
oceanographic patiern is specific 1o this sector (Searle &
Semeniuk 1983). In summer the prevailing waves are
occanic swell deriving from betwcen west and southwest,
supplecmented by locally-generated southwest wind waves
dcvcloped by seabreezes. The complex  nearshore
bathymetry dampens, refracts and diffracts the swell de-
veloping complicated convergence and divergence of
wave orthogonals. Locally-generated wind waves are of
shorter period and wavelength, and are less modified by
the bathymetry. In winter, locally-generated storm waves,
which approach mainly from northwest and west, also arc
a significant influence on coastal proccsses. The domi-
nant sand-shifting winds in the area are summer
seabreczes from the southwest.

92

The Rockingham-Becher Plain

The natural boundaries of thc Rockingham-Becher
Plain are (Fig. 1): Garden lsland Ridge to the west;
Cockburn Sound and Garden Island to the north; the
mainland Spearwood Ridge to the east; and the Peel-
Harvey estuary exchange channel at Mandurah 1o the
south. The subacrial coastal arca of the Rockingham-
Becher Plain essentially contains two coalesced triangular
beachridge plains or cuspate forelands (Woods & Searlc
1983) which arc localised behind the islands, reefs and
rocky prominences of the Garden Island Ridge (Fig. 1).
These types of beachridge terrains are lermed cuspate
forclands (Bird 1976) or accretionary cusps (Semcniuk &
Searle 1986a). The arca also contains a varicty of submar-
in¢ geomorphic units that include banks. and basins.

In order to assemble the availablc information to a
stage wherc the Holocene palacogeography of the coast
can be rcconstructed it is necessary to describe the
geomorphology, sedimentary facies, stratigraphy, age

structurc, and scalevel history of the Rockingham-Becher
system.
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Geomorphology

The various coastal gcomorphic units in this area either
have been dcveloped during the Holocene as a result of
sedimentary accretion, or are erosional remnants of
Pleistocene landforms. In order from basement and/or
deep water upwards: they arc: Pleistocene ridges, basins,
banks, beach zone. and beachridge and dune plain (Fig.
4).
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Figure 4 Geomorphic units of the study area.

Pleistocene ridges

The eroded remnants of the Pleistocene aeolianite
ridges (mainly Garden Island Ridge and Spcarwood
Ridge) have had a major countrol on Holocene sedimen-
tation and hence gecomorphology. As such it is important
to appreciate their influence on Holocene geomorphic
history. The aeolianites of the ridges are variable in lithifi-
cation, from unlithified to (most commonly) semi-
lithified to locally fully indurated (calerete capstone). This
has implications for the rates of evosion of the ridges and
for supply of unlithified sand to the Holocene sedimen-
tary systems.

The Garden lIsland Ridge extends discontinuously
north from Cape Bouvard (where it merges with the
Spearwood Ridge) through to Penguin Island. Cape
Peron, Garden Istand and Carnac Istand, before curving
broadly to terminate at the western extremity of Rotinest
Island (Fig. 1). The ridge rises from depths of 15t0 20 m
to form a submarine to emergent chain of rocky reefs, pin-
nacles and islands. The islands of the Garden Island Ridge
have shorclines of low (210 5m high) rocky cliffs,
headlands and interspersed pocket beaches (Fairbridge
1950; Semeniuk & Johnson 1985). Stacks, intertidal ter-
races. notches. collapsed remnants of platforms and pin-
nacles on the adjacent seafloor, and cliffcd primary dunes
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along the shoreline indicate that the ridge is suill eroding.
Construetional platforms of beachrock are developed on
the western shores of the major islands.

The Spearwood Ridge rises to 80 m above the floor of
the Cockburn-Warnbro Depression. It is largely covered
by Holocene dunes to the south but is exposed as a shore-
line unit to the north. In places the main ridge is fronted
1o the west by a second. lower ridge, which rises to within
a mctre of present scalevel. This lower ridge 1s largely
buried by Holocene marine sedinicnts but it crops out on
the seabed at Pt James.

Basins

Deep water areas (16-25 m depths) are termed basins.
There are threc basins: Warnbro Basin, Cockburn Basin
and Madora Bay Basin. They arc flanked by relatively
steep slopes of the adjoining banks and platforms to the
east. north and south. and by the Garden Island ridge to
the west. Below about the 16m isobath in the Warnbro
Basin and the 18 m isobath in Cockburn Basin, the basin
floors slope gently to maxzimum depths of 19m and 25m
respectively, The Madora Bay Basin exhibits an even
more gentic slope from the adjoining banks to deeper
water. The basin floors lack local bathymetric features
and are devoid of seagrass meadow cover.

Banks

Banks are shallow water submarine geomorphic units,
underlain by Holocene sediment. that extend across the
entire width of the Warnbro-Cockburn Depression and
form aprons and promontories around the subaerial
sandy points in the area, and platforms around the inter-
vening basins (Fig. 4). The two main banks in the area are
the Rockingham and Becher banks. Tthe (subaernal)
Becher Point promontory, which extends part of the way
towards the Garden Island Ridge from the Spearwood
Ridge. is surrounded by a wide bank. In contrast. the
Rockingham promontory. which links with the Garden
Island Ridge at Point Peron, has smaller surrounding
areas of banks. Between the two major cast-west pronion-
tory axes, there is a narrow fringing platform (about
100 m wide) termed here the Warnbro Platform, around
the Warnbro Sound shore. A similar platform is devel-
oped on the northern Rockingham Bank along the
Cockburn Sonnd shorc.

Scaward of the surf zone the surfaces of banks slope
gently towards the basins to depths of about 6m. Below
this depth contour the banks slope steeply (up to 20°) into
the Warnbro Sound basin or the Cockburn Sound basin.
Slopes from the Becher Bank south into the Madora Bay
Basin are more gradual, only locatly excecding 3°. To the
west the banks abut the flank of the Garden Island Ridge.
The banks are surfaced by seagrass meadows. sand waves
or sand flats, The more sheltered parts of bank surfaces
support dense scagrass meadows. The Rockingham Bank
supports particularly dense meadows while on the Becher
Bank scagrass cover is more localized and patchy. Sandy
shoals are also developed locally on the bank surfaces, and
may be developed to a stage where they are continuously
emergent,

Beach zone

This zone contains the active beach and beachridge (or
lorcdunes). The morphology of the beach zone may vary
significantly duc to seasonal coastal processes and vari-
able incident waves and currents, Subaerial beach profiles
vary from narrow (10 m) and steep. to wide (about 100m)
and gently sloping. The morphology of the contemporary
beachridges varies from low (2-5m) and only partially
stabilized by vegetation, to high (6 to 10 to 22 m high) and
well stabilized by vegetation {(except in discrele active
blowoul areas).



Journal of the Royal Society of Western Australia 70 (4), 1988

Beachridge and dune plain higher-than-normal ridges: the regular lower relief
In plan the beachridge and dune plain (Quindalup beachridges remain mostly unaffected. The blowouts and
Dunes of McArthur & Betienay 1960) of the area is an ir-  parabolic dunes vary from un vegetated and actively form-
regular shape, with a straight, well-defined eastern margin -~ 1ng to well stabilized by vegetation. However, the
where it abuts the Spearwood Ridge, and a cuspate or scal-  presently active blowouts and parabolic duncs occur at, or
loped western margin. To the north, adjacent toSCockburn close to. the present coast.
Sound, the plain narrows rapidly against the Spearwood i .
Ridge (Fig. 1). To the south, the plain narrows gradually SACHTTTR L It
against the Spearwood Ridge before it terminates against
the Peel-Harvey estuary exchange channel. The plain cx-
tends for 40 km along the coast and at its widest is 10 km.

In the study area the variable incident waves and cur-
rents interact with the complex nearshore bathymetry to
produce a broad spectrum of facies and tithotopes in
which distinct suites of sediment types are formed. The

The mean elevation of the plain is 5m along the castern A : :
: 2 sedimentary facies are, in order from basement and/or
margin and falls gradually to 2 m at the modern coast, deep water upwards (Fig. 5): ridge aprons: basin; bank (in-

The surface of the plain is characterized by well defined corporating slope, seagrass. sand wave and sand fat
linear beachridges and intervening swales (Fig. 2), that lithotopes): beach: and beachridge and dune.
have becn locally reworked into small parabolic dunes. ’
There are over 100 beachridges and swales. The precise  Ridge apron facies
number is diffieult 10 determine due to local acolian This facies forms aprons of sediment that lie adjacent to
modification of the normally well defined ridges. Individ-  the limestone ridges. The dominant coastal processes are
ual beachridges usually arc 2 to Sm higher than the inter-  erqsion of the Pleistocene acolianite, and transport into
vening swalcs, and 50 1o 100 m apart. There is also a re- deeper water. The sediments form wedges or ribbons of
curring pattern of higher beachridges that have a relief of laminated, or bedded to cross layered, coarse to medium
6 to 10m and, in a few instances. up to 22 m. Commonly  gand and gravelly, shelly sand. Sedimentary components

these higher ridges and associated decp linear swales arc  are skeletons. derived from the adjoining rocky shores,
separated by sets of about 3 to 6 lower ridges. Individual  ithoclasts and quartz.

ridges and swales can be traced for over 20 km along the
north-sotith lengih of the plain (Fig. 2). in plan the  Basin facies
beachridge trends are parallel and concordant, except in The sediments of the basin facies form on the basin
the more seaward parts of the cuspate promontories and  floors. These Tow energy deep water arcas accurmulate the
adjacent 1o the Spearwood Ridge, In these loeations  glowly settled fine sediment entrained in the water from
younger sets of beach-ridges obliquely truncate eldersets.  he more energetic bank environments. Only under ex-
The beachridges and swales generally are stabilized by treme and short lived situations do waves or currents
vegetation. However, there has been some local acolian  rework the basin floor. An exception is the Madora Bay
modification and this varies from minor sculpturing, 10 Basin which is substantially more exposed to waves and
complete reworking of ridges into blowouts and landward ~ currents. As a result sediment reworking is morc frequent
migrating parabolic dunes extending up to 750 m inland.  and can occur under moderate to heavy swells and strong
Significantly, aeolian reworking islargely restricted tothe  wind driven currents.

Lacustrine sediment
L S anere ] SAFETY BAY
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1 2k a ] BRIDPORT
" ] Basin mud _! cALCILuTITE
Ridge apron facies
Aeaclianite and marine
PLEISTOCENE [ IZ carbonate sequences
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Figure 5 Three-dimensional diagram illustrating the relationship between geomorphic units, sedimentary factes and stratigraphic units.
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Sediments of the basin facies generally are grey carbon-
ate muds. The Madora Bay Basin sediments, in contrast,
are fine to medium sand and are lighter grey, Bioturbation
by infauna in all the sediments results in little or no pres-
ervation of primary sedimentary structures.

Bank facies

The bank facies includes the lithotopes of the bank
?{ope, seagrass-covered surfaces, sand waves and sand

ats.

Banlk slope lithotope.—A distinct sedimentary lithotope
occurs con the bank slopes to depths wherc the slopes
merge with the basin floors. Transport mechanisms in-
volve downslope gravity movement of sediment impelled
over the bank edges by cross-bank transport. The stecp-
ness of the slopes and the marked decrease in wave and
current encrgy downslope ensure that transport is
unidirectional towards the basin,

The diagnostic charactcristics of sediments in this
lithotope are their degree of sorting and distribution down
the slope. The sediments are grey, well sorted medium to
fine sands. with fine sand on the lower slopes and medium
sand on the upper slopes. The sediments are texturally
and compositionally similar to the seagrass lithotope
from which they arc derived but lack large skeletal frag-
ments. Slope-parallel laminations are formed and pre-
served in the upper slopc sediments. Lower slope scdi-
ments are structureless due to a lack of textural variability
or to hioturbation by infauna.

Seagrass lthotope.—The scdiments of the seagrass
lithotope accumulate under the extensive seagrass-
covered bank surfaces. Sedimentary processes in the en-
vironment include in situ skeletal grain production, ac-
cumulation of skeletal grains in scagrass mcadows,
bioturbation by fauna. accumulation of seagrass matcrial,
cross-bank transport by waves and currents on surfaces
not covered by scagrass meadow, and trapping/binding/
baffling of sediment by seagrasses.

Sediments of the scagrass lithotope arc sand and shelly
sand varying to muddy sand and shelly sand. They are
composed predominantly of sand-and gravel sized ‘skel-
etal material with variable seagrass dctritus, fibres and
carbonate mud. Locally, the sediments contain quartz
sand, and adjacent to Pleistocenc limestone outcrops
there arc substantial quantities of lithoclast sand. The
sediments generally are grey, bioturbated and root-
structured. and consequently therce is a paucity of physical
sedimentary structures. The grey coloration is due 1o
staining by iron sulphide.

Sand wave/sand flat lithotope.—Sediments of the sand
wave and sand flat lithotope form immediately seaward
of the inshore zone. The seaward and depth limit of this
lithotope, as defined by the occurrence of scagrass
mcadows, is variable and dependant on the local incident
wave energy. In the protected environments of Cockburn
Sound and Warnbro Sound the transition occurs at
depths of 1 m. and the sedimentary products arc almost
indistinguishable from the lower beach facies. In the more
exposed Madora Bay sctting. the facies transition occurs
at depths in cxcess of 3m.

Sedimentation 1s dominated by the formation and mi-
gration of sand waves up to Im in amplitude. The sedi-
ments of this lithotope are well sorted medium sands com-
posed largely of skeletal fragments and lithoclasts. The
quartz content is minor and significantly lower than the
bcach facics but higher than the seagrass lithotope. Sedi-
mentary structures in the sediment includc layering and
cross layering with concordant sets reaching up to Im in
thickness; maximum dip angles of cross layering are about
15°.
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Beach facies

The beach facics occurs along the shore of the active
beach between the inshore zones and storm water level.
The processes of sedimentation in this facies include wave
and current transport, physical and biological swash zone
processes, sterm accumulation and erosion, and aeolian
transport. The beach facies has been subdivided into sev-
cral zones, viz.. backshore {bcrm), swash and shallow
subtidal inshore and sediments of the facies exhibit a lat-
cral sequence of grain size and structures that correspond
to processes operating within these zones (Semeniuk &
Johnson 1982). Beach sediments consist of medium to
coarse skeletal and lithoclast carbonate sand with a
minor, variable quartz component. Usually the quartz
Contcnt of the swash zone is signiticantly higher than ad-
Jjoining zones and other facies. The sequence of sedimen-
tary structures formed in each zone of the beach facies is:
layered, medium sand and shelly sand in the backshore
zone; laminated, medium to coarse shelly sands in the
swash or foreshore zone, with bedded/laminated bubble
sand in the upper swash zone: and cross- and trough-
lavered, medium to coarse sand and shelly sand in the in-
shorc zone.

Beachridge and dune facies

The beachridge and dune facies occurs along the mod-
ern coastal zone adjoining the beach and is the product of
aeolian transport inland from the beach. Sediments of the
beachridge and dune facies arc well sorted, medium and
fine sand composed of rounded skeletal fragments, car-
bonate lithoclasts and minor well rounded quartz. Large
scale cross layering is typical, except where vegetation has
prevented the formation of structures or rootlets have dis-
rupted them.

Stratigraphy

Components of the stratigraphy have been described
previously by Passmore (1970) and Semeniuk & Searle
(1985b). The area contains the type localities for 4 Quat-
crnary foermations relevant to this study: 1}Safety Bay
Sand (Passmore 1970, redefined by Semeniuk & Searle
1985b). 2)Becher Sand (Semeniuk & Searle 1985b);
3)Bridport Calcilutite (Semeniuk & Scarle 1987); and
4)Cooloongup Sand (Passmore 1970). In addition, the
Tamala Limcstone (Playvford ef a/. 1976) occurs in the
area. For purposes of this paper thec Tamala Limestone
will be considered 1o be the foundation or basement unit
in the area,

Pleistocene-Holocene contact

The Pleistocene-Holocene contact in this area is an
unconformity interface cut into Tamala Limestone, or
yellow quartz sand (Cooloongup Sand). or ?Plio-
Pleistocene mud. Thus thc unconformily 1s coincident
with the buried Pleistocenc ridge-and-depression palaco-
topography (Figs 5 & 6). The Holocene sequence in the
main abuts a steep cliff cut into Tamala Limestone along
the Spearwood Ridge to the east, and pinches out against,
or onlaps Tamala Limcstone along the Garden Island
Ridge to the west. In the depression between the two
ridges the unconlormity surface is marked by calcreted
Tamala Limestone with variable cover of (yellow) quariz
sand. In the Singlcton Beach area (transect 3), the
Holocene deposits rest on a grey clay deposit, determined
by palynology to be ?Plio-Pleistocenc (J. Backhouse, pers.
comm,),

IHolocene units

The Pleistocene/Holocene unconformity is overlain by
a variety of Holocenc units. These units, described in
ordcer from the Pleistocene-Holocene contact upwards, in-
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clude (Tablel and Figs 5, 6 & 7). local rocky shore de-
posits; local estuarine mud; Bridport Calcilutite: Becher
Sand; and Safety Bay Sand.

The main Holocene units in the area are the Bridport
Calcilutite, Becher Sand and Safety Bay Sand. Rocky
shore deposits are confined 1o the flanks of the mainland
shore and the Garden Island Ridge and usually are buried
by younger Holocene units. Local deposits of shelly ¢stu-
arine mud (referable 10 the Leschenault Formation:
Semeniuk 1983} occur as thin layers in the former hollows
in the Cockburn-Warnbro Depression: these deposits also
arc buried by younger Holocene units. The stratigraphic
relationships of the various units and their relationship to
geomorphic units is summarized in Figure 5. The bulk of
the Rockingham-Becher Plain 1s underlam by the Safety
Bay Sand und Becher Sand. There is a consisient strati-
graphic relationship between these two formations
throughout most of the arca wheremn the Becher Sand
forms the contemiporary banks and extends under the
beachridge plains to underlic the Safety Bay Sand. In the
San Remo arca (1ranseet 4, Fig, 6). however, the Safety
Bay Sand overlies a sheet of shelly {roeky shore) deposit
and locally. an cstuarine sediment unit.

The Bridport Caicilutite eonsists of grey muddy car-
bonate sediment which formed in the basin facies. The
unit occupics former depressions tn the underlving
palaeotopography and is the lowermost unit of the main
Holocene deposits, overlying either the other minor
Holocene units or the Pleistocene units. The Becher Sand
is composed of sediment forned in the bank facics
(Semeniuk & Searle 1985b): it is mostly grey. bioturbated
sand and »helly sand with local seagrass fibre.

The Safety Bay Sand is eomposcd of sediment formed
in the beach, beachridge and dune faeies. For purposes of
stratigraphy and palaco-environmental inlerpretations
the Safety Bay Sand is subdivided into a beach {littoral)
facies and a beachridge/dune (aeolian) facies (following

Semeniuk & Scarle 1986b). A notable feature of the sedi-
ments of the Safety Bay Sand is that they typically exhibit
a small scale stratigraphic sequence of structures, lith-
ology and grainsize. reflecting depositional environmen-
tal gradients within the facies and transitions between the
facies (see Semeniuk & Johnson 1982: and Woods &
Scarle 1983). This stratigraphic sequence is consistently
encountered ubiguitously beneath the beachridge plain;
from the surface the sequence is (Fig. 7):

« cross-lavered 1o structureless acolian beachridge and
dune sand with Spirula and Sepig skeletons near the
base, grading down into

horizontal to seaward dipping, layered medium sand
and shelly sand. with Spirula and Sepia skeletons and
Ocrpode burrows (baekshore unit)

» seaward-dipping laminated medium to coarse shelly
sand with Dopay and Glycrmeris (swash unit), and
locally preserved bubble sand in the upper part,

» cross-and trough-layered mediun and coarse sand and
shelly sand {inshore unit).

The base of the sequenee rests on bioturbated to crudely
layered sand. shelly sand and muddy sand of the Becher
Sand,

In the nearshore submarine area norih of Mandurah the
stratigraphy consists of a sheet of fine/medium sand
about L.5m thick, overlying a 0.3m thick gravel deposit of
shells (Fig. 7). This gravel layer also occurs under the
Safety Bay Sand along transect 4 (Fig.6) in the San Remo
area. The-shells are a mixture of fauna derived from en-
vironments of rocky shores, secagrass meadows, beach
zones and an estuary.

Age structure of Rockingham-Becher piain
The materials used for radiocarbon analyses and their

ages are described in Table 2. The radtocarbon results are
used to determine: the initiation and history of Holocene

Table 1
Description of Holocene Stratigraphic Units

Unit Description Thickness

Stratigraphic
Relalionships

Occurrence

Safety Bay Sand prism, or sheel of laminated,
x-laminated to siructureless sand

and shelly sand

mostly 2-6m

sharp contact with underlying
Becher Sand; locally sharp coniacl
with rocky shore deposits

underlies much ol the plain and
formis the sub-aerial surface of the
plain

Becher Sand wedge or prism of hioturbated.
structureless 1o crudely layered
grey shelly sand, sand and muddy
sund: local scagrass {ibre

up to 20 m

sharp conlacls with underlying
Bridport Calcilutite and wilh
overlying Safety Bay Sand; locally
gradalional contact with underly-
ing Leschenauit formation or
rocky shore deposits, or Cainozoic
mud

underlies much of the plain; forms
contemporary surface of the
Rockingham and Becher banks

Bridporl wedpe, or rihbon. or usually 2 m gradational conlact with under- occurs as buried deposit
Calcilulile sheet of structureless thick. up o lying Cooloongup Sand and towards middle and western
carbonate mud and shelly 6 m thick Leschenault Formalion: sharp portion of the plain:
contacl with overlying forms contemporary surface
Becher in Warnbro Sound
Leschenaull lens of grey/hlack clay <l m gradational contact with under- in former deep depressions
Formation mincral mud and muddy Iying Cooloongup Sand, or sharp underlying the Rockingham-
sand with estuarine conlact, marked by pebbles with Becher Plain
shell assemhlage Tamala Limestone overlain
gradationally by Becher Sand or
Bridport Calcilutite
Rocky shore sheet and wedge shaped <lm overhies Tamalu Limestone: Usually located on flank of

unit of gravelly and
shelly lithoclastic
skeletal sand

deposils and
ridge apron
deposils

overlain by Becher Sand or
Safety Bav Sand

Spearwood Ridge and on
flank of Garden Island
Ridge but also forms basal
sheet in the San Remo area
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Figure 7 Detauls of tocal stratigraphy at selected sites. Location of sites shown on Figure 3,

sedimentation in this area; the rate of vertical accretion of
the sequences; the age structure of the accretionary plain
and the development of its geomorphic features; and the
history of sealevel during the Holoccne. Most of the ages
returncd from the samples were consistent within the con-
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text of their stratigraphic and geographic setting. How-
ever, some dates, particularly from peaty wetlands, were
anomalous. These will be described and discussed in a fu-
ture study (Semeniuk ef af. in prep).



Journal of the Royal Society of Western Australia 70 (4), 1988

£0 06¢ * Or0 L Sv9 9 Xeuoq 9T+ uozLIoy Yoeaq jo o8y 1a4e] Yoeaq A[2ys 9Z0TIXD LTOUSOA Cl Tl
R pauluLIdIdp
- €8 7 068 ¢C Xeuocy lou uozuoy yoeaq Jo o8y Joke] Yaraq APy 086-11-1 ZI-HS 11 1
0 = 06 * 06L T xeuoq Lo+ uozuoy yoeaq Jo a3y 1okey yoeaq A1pus T96TI-1 v1-HS 01 0T
0'C - SEI * vTT T Xeuo(g L0+ uozuoy yoeaq jo 38y 124z yoeaq AjPYS CRCTIXD 0Z-HS o 6
Sl - SvT = 768 € Rl §6°01 uozuay yoeag Jo 28y 1ake yoeaq Aqleys 98C1IXD 1Z-HS 8 8
_Steus a3uanbas au0[0E amnfofe) Lodpug jo
<1 §TCT + S¢S 9 0c1 9 ualdag - 10 3seq Jo o8y aseq 1e uozlioy Lq3ys £06TIXD £C-TTMd E
BUNEJ Nueq Sseldeas annpje) wodpug pue
podonses pueg 1ay2ag jo pueg 10Yd0g I58q Udam1ag
87 Sv1 = 01T € Ll C SseIFeds - TUIWIYIROIUD 1O 38y 1981000 UoZLIoY A]j12YS PO6ZIXD 91-SIMHY L
6l 07¢ = 09L T ort XEUO(] $0+ uozioy yaeaq jo 29y Take] yoeaq A|2ys TTOTIXD £TOASOA 1-L L
I'1 0sZ = 080 ¥ 049 € Xeuoq St uozLoy Yyoeaq Jo a8y IaKe| yoeaq Aq2ys £TOTIXD FCOUSOA 9 9
- - 011 = Opy € XEUO(] 61 + uozLoy Yoedq jo 28y 1o4®] Yoraq AJ12ys 6L6711-1 I1-HS S S
- - Q011 * 099 ¢ XBUOC] vt uozuoy yaeaq jo om,{ Hu%m_ yaeaq >:u_._w 8671 1-1 01-HS b el
ol 061 ¥ 00L € S6C ¢ Xeuoqy v+ uozLoy yaeaq jo 38y Take] yaeaq AJ12ys L8STTXD TC-HS £ £
pues dnfucojoo)) pue
PUES I91[23¢ U20MmIaq
19B1UOD §30udnbas
QUDO0]OH JO 3seq
20Uanbas QUII0JOH 18 [[ys :dnFucojoo)
[ 09¢ * 009 L SET L - U1 Jo Iseq jo Ay Iqe| 240YS 1S9 6C0CIXD 0£DdSOA T
- 1ake|
Froeued paunIdepP yoeaq A[jays -dnguoojoo)
£0 SLE 7 0P 9 SL09 % Xeuoqg ou uozuoy yaeaq Jjo By IHE] 210YS 1SoM FC0TI XD STOUSOA 1-C 4
pues Laydag jo doi ut
S spues Jake] A7j2ys :dnguoojoo)
60 S0t = 008 ¢ Sét S Xeuo(g - suuety dol jo 28y S]] OIS TREOR] 8°0TIXD 6ZOUSOA I [
2198 (€81
Pa1321102 Jtdde jr 1aded “ou a8
Pa122.1102 c1D I0jediput ou syl a(dutes
{00/0) €10 dg sih 10u s14 22041 1S Jo Aioie L ou ‘ou uoqJed
ZIDP/ETOP P10 ul 28y r1D ut 28y J[duwes {w) W31oH ajdwes Joj Speuoney Fumas orydesdneng -10qe ] pPRId ajdures -o1pey

3une( uOgqIed0IpEY Ul pasn [BLIAIBIA JO uonduosacy

2 AqeL

99



Journal of the Royal Society of Western Australia 70 (4), 1983

spodoaised

0t 06l = 0ty 1 $86 sse1deag - Pues 1042dg §0 23Y JDBHINS MOIIY W ¢ 1L8T1XD =T £gl
spodolised
91 SB1 7 S80 1 0L9 EHAELEIN - pues 1aydog jo 23y SJE[INS MO[3q W 7 0LRITXD €-CHH 81
BLIBIN W
21 uIpow upow SLIDWAAD - pues 12y2ag jo a3y pUBS 1aydag 2depns 69RT1XD 1-2dH -1 g1
SaA|Alq
spodonsed
80 091 + 08¢ € Spl ¢ ssea3eag - pueg 1ayd3g Jo 3By HY MO[RQ W9 | PuEs Jaydag ROOTIXOD 8-t¥H S-L1
60 Soc * S8Y ¢ 080 € Xeuoqg - pues 12yd20g jo 23y (JHV MO[3q W | | PUBS 124d3¢ 9LBIIXD 9-¢tdH pLl
. S AHV
9l 091 = S8 I 0ov | Xeuod - pues 1ay33g Jo 28y MO[Aq W ¢y PUBS 12YID¢ PLRITXD £-£dH £-L1
T 091 * 5691 0t 1 Xeuo(g - pues Jayaag Jjo 98y (JHY M0|2¢ W T PUBS Jaysag £LRTIXND C-EH Ll
LT 051 =8gr 010 1 xeuo( 00 uoznoy Yaedq jo 93y 1ade| yoeag KRS TLEIIXD I-€MH 1-L1 Ll
| 0lc = S0L T $6C ¢ Xeuoq - purs 12y2ag Jo 3By (JHV M0[dq W [ [ pUBS 154adg 18811XD 8-7¥H 91
- (IHY
g1 01T * 0L0 T SS9 1 Xeuo(] - pues 1oydag jo a3y MO1IQ WIS [ PUES 194J9Y 6L8TTXD P H [-91 91
'l S$TT * 0t9 € 0T ¢ xeuoq i PUES 13422 JO 28V HV M012q W] pues 1aydag SERIIXD 9-S¥H £-S1
1 02T * ShP € GE0 € XBUO(C] - pues 19Y2ag J0 38V (QH Y MO[dq W9 PUES 1943ag RETIXD €-CAH sl
2] S1T * OvE € 056 T XBUOC] 01+ uozuoy Yyawaq jo 28y 13Ae Yoraq A2US ZR811IXO [-S¥MH 1-S1 Sl
S Sl-¥1
| SOI =~ 026 L 01¢ L Xeuo(] - pueg Japag Jo 28y pues 1aysay priy S06TIXD TMATVAM vl
¥ 0- Sop * SZ8 9 vt 9 Xeuoq 9Tt uoZLIOY Yoraq jo 33y 1ae[ yaeaq Apys LTOTIXD 8TOUSIA ] Pl
auanbas 2udIOOH 21 119ys 3uLiBnIsd-
9°0- SLE = S9¢ 8 086 L BISA21EY] - Jo aseq a1 jo 28y JUD0JOY dy) jo st 906T1XD LIZ9TATVM £l
1ead [249] 12ddn pueyg
9vl- 09¢ * 098 L Sor L sseldeag - pueg 1aydag Jo 23Y 12422 0 |aa2] 12dd() CCOTIXD 9TOASOA el
- SLL =08t 9 Xeuo(g ST uozZIIOY YdEdq JO I8V 124[ yaedq ATIPYS LL6TT-1 6-HS [-t1 Ll
aqe (€814
Po132.4103 sdde i 1adud ou AU
P21221103 M) Jgjed1pul ‘ou sl Jpdwes
(00/0) €10 dg sk 10U SJA o 2AL s jo Aloe el ‘ou uoqIed
ZIDP/C1IOP 1D ut 28y 71D ur 28y Jdwesg (ur) 1ysoy adwies 10} sjeuoey Funias aydeadnens -10qe7] PIaLg adwes -0Ipry

u0> T SUNE(] UOGIRDOIPEY Ul Pasn [ELIIE JO uondIDsI(] T JqEL

100



Journal of the Royal Society of Western Australia 70 (4), 1988

BLIB[OUINSUES

aauonbas

e SUQIIIpUOd U200} JO 35€Qq 1B
€T S117080¢L §L9 9 eIsdpiey - JULIENISI JO 23V 1o4e] [Parag Aj10yS £T9TIXD 8-L119SS 49 [43
eLRjouIngues
_ pue 1e]] pues {(AIAN)
1'z- SET + 016 9 Se6 9 ERIL get QULIEN}SI Jo 3y puilu autIemsd Aj2ys T9TIXD OUSS [¢ 1€
90 SLI ~ 0€9 S0 Xeuoq 00+ uozLIOY ydedq JO 28y Jade Yyaeaq ARUS 9T9CIXD p-ti1dis 0t 0t
11 061 = 088 I 0st 1 xeuoq 00+ uozioy Yoeaq Jo a3y 1a4B] Yoeaq AJIRYS LTITIXD 8-9:7d!S 67 6T
£l S81 * 0CL T §8¢ T xeuoQqg 01t uozuioy ydoeaq jo a3y 1akep 2edq APys 8T9TIXD 9-SiEdIS 8T 8¢
90 Arerodwsiuod Xeuog 00+ UoZIIOY 4oeaq Jo 28y 134e] yoedq AIRuS £96-11-1 L-HS LT LT
PLO SL* SLE xeuo( 00+ uozIoy oeaq Jo I8y 1okey yoeaq £[13ys 7967111 9-HS 97 9T
- SL * 009 XBUO(] oo+ uozLIOY Yoeaq Jo 23y 12AB[ Yoraq A[[dUS ELL-TI-T I-HS §T §C
- $6 F S6F € xeuo( 60+ uozLioy yoedq Jjo a3y 1ahe[ yaeaq Aq2ys SLL-TI-T £-HS ¥ T
- 08 * 0TL | XBuo(] €0+t uozLIoy yoeaq Jo 23y IoAe[ yorag Aqays vLL-TT-T THS €T €T
- paulwinap
- S6 + SIS € XEUO(] 10U u0zLIOY UYIE3q JO 3By Jaker yavaq £2ys 9LL-11-1 F-HS f&é T
- §6 7 ChL b Xeuo( SLT+ uozLoy Yaeaq jo 33y Toke| yawaq AqoyS LLL-TT-T S-HS ¥4 1T
- 06 = OSt v Xeuo(g 9L+ uozpoy Yoeaq Jo 33y 1ode| yoeaq A[[2ys LSS-TI-1 AS-HS q0C
[+0 SOL * 081 NBUO(] 9+ uozLIoY Y3eaq JO 93¢ Ioke) yoeaq AJ2ys ¥96-11-1 8-HS 0¢ 0c
SoAEAIQ
¥ Bungj
podoxnsed BRI
£ SPL * SIbl 066 sseigeag - pueg 1aydag jo 23y A0[2q W C'g pues yoesq LO6TIXD 6-1dH t-61
spodonsed A0BJINS
<l 0Ll * €4S 091 sserdrag - pUES 1420 Jo 23y MO2q W ¢ pues yoeay 89811XD S-1dH €61
spodonsed oepINS
Sl 0Ll * €9¢ 0s1 sse1deag - pUEg 12d2g Jo 3’V MOj2q Wi T PUES loeag LIBIIXD € 1dH 6l
91 wiapoi WISpOLU SLIDWAJAD) - PUues 1aydag jo 3By pues 13yaag 0epng 9981 IXD I-1dH [-61 61
a1qe (g 314
Pa12aLI102 andde Jr 13ded ‘ou IS
PINIALIOD €1 I0jedipul ‘ou s11 srdwes
(00/0) €10 dg SIA 10U SIA wx2dAL s jo Lo «ou ou uoqaed
Z1IDP/E1DP 10 ul 38y 10D ul 93y sjdweg (w) 1@y adwes 1oJ sjedolley uines aydeadnens -10qe7 pratd sdwesg -o1pey
quod <t ulle(] UOQIBdOIPERY Ui PIsn [RLIdIBIA JO uonduasa( 7 2qeL

101

A59039-3



Journal of the Royal Society of Western Australia 70 (4), 1988

“Jurynedsap 10 10§ wniwiwnge ur poddeim PUB PILP UIAO SEm Jjdwes ‘jead sseideas ‘p

"SISAIRUE UOGIBIOIPEL 10] (SPOYM APOq ul

Paxoed 1UBWIP3s Moyiimn) *so[dwes uea[d apraod 01 Juswipas JuLaype AUE JO UBI[D PIYST[] SEM [10UM APOG MOJIOY] JU{1 puB S11d AQ PaAOWAL sEM
spodonised dy1 Jo sustatdads adie| ay Jo axids jo diy 1s3t[[e pUE BNOEYIO] Jo suatudads odiel A[jensn sagejquiasse Yueq sseadeas woi) spodonisen) ¢

“$ayMed Inp pue sjuawad SuLdype wi ur

=)2B[ SUatUIads SNOAIISN| "Ysal) ‘uBd[d dLom FuIssadold 10J Uasoyd sajdiues ‘sode|quuasse yueq ssesdess Wodj BAJBLY PUE SLIMULIAIN) SB yans SoAjBAIY ‘T

(986 1) SPOOAN P JLIBIS PUE (€86 ]) A[4BIS % SPOOAM Aq P2UL[INO SE N0 PALLIED FuIssad01d txeUO(] 7]
uonetedasd odwes Jo uonduasap Jatig pue pasn aidwes jo adf] od{) adweg

SILIOIRIOQRTY JUAPIR]

%

squIny g6-[ -

SIL0IEIO(RT UOIYD0ar) 1a3naly SRGUNLE X0 1$910U100 ]
adepns
susodop MO0[2q W G [ [2ARIB [[oYs
S0 09¢ = 0Ty L ST0 L 1S40 - 210ys £yd01 jo 3y ut Bunej a10ys A0y 189C1XD w e CHW S-pt
- SUSOdap  30BJNS MO[9q W §'[ [dABI3
| 08¢ * 056 9 0rs 9 BIsAjatey - auLrenIss Jo 23y [[9Ys ul euney suLenisy 989TI XD we tHAW p-ve
SpHweyd % DOBJINS MO[Dq WG | [PALT
9T 0T * S0E 9 058 ¢ SLWILIA 6y - 1sodap yoeaq Jo a8y [I2ys ul eunej yoeaq S89Z1IXD w el tHW £pe
aoeyIns
SPHIIEYD susodap MO W ¢ [darId [[oys
0T SEE 7 09LS SEE € ¥ E[PUIN - U0Ys 44201 jo BV ut BUNEJ 210YS D0y £89T7IXD wel tHIW (A 49
_ susodap  20BjINS m0[2q w ¢ [dae1d
L0 091 * §49 ¢ orT € BIOB A = jueq ssesdeds jo 28y [[24s ur euney sseideag 78971X5 WSy CHW I-$€ pE
usA
spitwey) wawased  auolsawi] uo AlwIojuodun 11-01
9l 0SC 096 T 0cs ¢ ‘B[lAUIN - £y001 duLteL jo 3TV uo BUNE) IOYS AXI0Y PTITIXO £USS £-Ee
2ouanbas 159
elvoumaueg SUOTIIPUOD fwiojuoaun guif| 1101
'l 0T 7 0LI T SEL T eIsA[21ey - QULIENISY JO 28V ~I9AQ Bunef suLENISy STITIXD LSS (33
B[[IOBUO( ¥
SUAWAIA D) 68
91 091 * Siv € 090 £  ¥euo(g paxiw S0+ uozLIoY 4oeaq jo a8y 1oke[ Yoeaq A|PUS T06TIXD EUSS I-£¢ 123
a[qe (€314
PO133LIOd Jdde jr 1aded 'ou NS
P122.LI02 €10 101RIIpUT ‘ou sty Jrdwes
(00/0) €10 dg SIk 10U sI4 exdA] IS Jo Alole £ ou ou uoqied
TIDP/E1DP 10 ul A3y P10 un 28y Jduweg () 13y adues 10) a[puOIRY un1as syderdneng -10qB plo1g Jsduweg -01pEY

oy vt June(] UOQIBd0IPEY UL PISN [ELRIBA JO uondiiasag] 7 aqel

102



Journal of the Royal Socicty of Western Australia 70 (4), 1988

As outlined in Woods & Scarle (1983) and Gillespic &
Polach (1979). it is necessary o consider both C13 eorrec-
tions and the reservoir effects when reporting
radioearbon dates. Gillespic & Polaeh (1979) have eon-
sidered the reservoir effeets on dating Australian marine
shells, and included material from southwest Australia in
their study; they determined a mean correction value of
450435 years, ‘to be subtracted {from any uncorrected
date. Isotopic fractionation was determined for most of
the samples used in this study (Table 2). Most results were
close to the expected value of 0= 1%, d13C/d12C pre-
dicted by Stuiver & Polach (1977) for marine carbonate,
and therefore an age correction factor of 410+ 70 years is
applicable. This value, when added to a radiocarbon age,
approximately cancels the correction for the reservoir ef-
fect. Because the major correction factors eancel when
dating Australian marine shells, then the reported dates in
ears BP can be used direetly.

Initiation of Holocene sedimentation

The results from radiocarbon dating confirm that the
Bridport Calcilutite, the Becher Sand and the Safety Bay
Sand are wholly Holoeene (Table 2). The Holocene record
begins at about 8000 C14 yrs BP. Age determinations at

b

site M (Fig. 8) adjacent to the Spearwood ridge, the most
eastern sampling sites, indicate that the post-glacial mar-
inc transgression had reached this shoreline by 7980 C14
yrs BP and that becach conditions were established by
6645 Ct4 yrs BP.
Vertical accretion rates

Radioearbon dates from the basin, bank and beach
units provide a 3-dimensional picture of the age structure
of the Holocene sediments of the Rockingham-Becher
Plain. Ages from sites A, C, L, M and N (Fig. 8) indicate
that between about 8000 and 6300 yrs BP, the sediments
under the Rockingham Bank shoaled from deepwater to
within about 2m of the former scalevel, Ages from sites O,
P, Q. W, X and Y indicate that the Becher Bank is a
younger sedimentary accumulation.

Age structure of plain

Beaehridges mark successive shoreline positions and in
cffect represent isochrons. When combined with the
radiocarbon data. they enable the history of shoreline
progradation to be determined. Radiocarbon ages of the
shells from the beach facies at various sites indicate that
the age structure of the plain is reasonably internally con-
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Figure 8 Age structure of the beachridge plain. A Plan view showing isochrons in 1000°s of years, determined by dating shell from beach horizons (see Table
2); locations of sample sites shown in Figure 3. B Cross scctions through the 4 transects showing interpreted isochrons based on radiocarbon results; sample
sites, sample depths and radiocarbon ages are shown on cross sections; Table 2 describes sample type in more detail.
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sistent. The beach facies ranges in age from about ¢ 6600
C14 yrs adjacent to the Spearwood Ridge to contcmpor-
ary along parts of the modern shore (Fig. 8).
Age of shell gravel

The shell gravel in the nearshore submarine environ-
ment north of Mandurah and beneath the Safeiy Bay Sand
at San Remo provided a range of ages for the various shell
components (samples 32, 33-2, 33-3. 34-1, 34-2, 34-3,
34-4, 34-5). Roeky shore shells, indicating open marine
conditions, gave ages of 2500. 5335 and 7025 C 14 yrs BP;
estuarine shells indicate that estuarine eonditions existed
at the site at various times between 6540 and 1700 Cl14
yrs BP; and seagrass fauna and beach fauna gave ages of
3240 and 1900 C14 vrs BP.

Sealevel history

Beneath the prograded beachridge plains there is a dis-
tinct horizontal stratigraphy with beachridge/dunc sedi-
ments overlying beach sediments which. in turn, overlie
bank sediments (Figs 6 & 7). Contemporary beach (swash
zone) sediment, can be related to MSL. and former beach
sediments now buried inland provide an indication of the
position of fornier scalevel. In addition. the eontact be-
tween the Safety Bay Sand and Becher Sand represents a
stratigraphic interface between sediments of the beach
and bank facies and also is useful as an indicator of rela-
tive MSL (Searle & Woods 1986). The modern contact be-
tween Safety Bay Sand and Becher Sand is approximately
0.5-1.5m below MSL in protected embayments {(in
Cockburn Sound and Warnbro Sound). and up to 2.0 m
bclow MSL along more exposcd coasts: this interface
never forms above MSL.

The elevations of former sealevel indicators were deter-
mined mostly in a 10 km long continuous trench (the
Cape Peron pipeline route). or dewatered pits (Fig. 3). or
from precisely recovered drill corc material (Fig. 3). The
middle of swash zone sediments in the sequence was eon-
sidered to be the best indicator of former scalevel. In some
shallower pits (where deep excavations were not possible
because of groundwater problems). only the backshore
sediments were exposed. However, the clevation of for-
mer MSL was interpreted relative to the top of the
backshore sediments using the average thickness differ-
ence (1.2 m) between sediments of the mid swash and the
top of the backshore shown at the present coast and in the
deeper pits.

In the stratigraphic sequence beneath the beachridge
plain the sheet of swash zone sediments rises gradually to
reach an clevation of +2.5 m above MSL about IOkm in-
land adjacent to the Spearwood Ridge, implving a relative
MSL of about +2.5 m earlier in the Holocene i.¢. 6645
C14 yrs BP. The elevation of the top of the bank sands.
(i.e. the interface between beach and bank sediments). be-
neath the plain also rises gradually to rcach an elevation of
between -+1.2 to 1.8 m inland, confirming a relative
sealevel high in the order of up to +2.5 m above MSL
earlier in the Holoeene.

The dating of sealevel indicators at various sites enables
a reeonstruction of sealevel history for the interval of the
Holoeene ¢ 8 000 C14 yrs BP to the present (Searle &
Woods 1986. Semeniuk & Searle 1986b). The data per-
taining to sealevel indicators. their ages and their strati-
graphic ¢levation or position relative to present MSL are
presented in Table 2. The elevation of the mean scalevel
gndieawrs and their radiocarbon ages are shown in Figure

A sealevel history curve derived from these dala shows
that the Holocene sealevel on this eoast reached an elev-
ation of at least + 2.5 m some 7000 C14 yrs BP, and then
gradually deelined, reaching the present level shortly after
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Figure 9 A Graph showing elevation of sealevel indicators and
radiocarbon age for a variety of shell samples from beach
horizons.

B Interpreted mean sealevel history for the past 7000 yrs.

1000 yrs BP (Fig. 9). Se¢alevel subsequently has remained
elose to present datum, Semeniuk & Searle (1986b), how-
ever, also pointed oul potential small seale sealevel oscil-
lations in the interval between 5000-4000 C14 yrs BP.
This study has not excluded the possibility of such small
seale fluetuations in that time interval,

The reconstruction of loeal sealevel history in this area
1510 general agreement with previous local data (Hassell &
Kneebone 1960, Fairbridge 1961. Playford & Leeeh 1977)
in that there is evidence for a higher relative MSL during
the Holocene, but, as discussed by Searle & Woods (1986).
no cvidenee was found for the +3 m oscillations proposed
by Fairbridge (1961). Further, more detailed investi-
gations are still required to assess the possibility of smaller
(=1 m) oscillations over the entire interval of 7000 Cl4
vrs BP to the present.

The sealevel history ol this study differs from interpret-
ations obtained from some other localities in the North-
ern Hemisphere and eastern Australia which do not show
a significant rise in level above present datum. and clse-
where along the Western Australian coast (Jelgersma
1966, Curray 1960, Shepard 1963, Milliman & Emery
1968, Morner 1976, Thom ef al. 1969, Thom & Chappell
1975, Semeniuk & Searle 1986a). Searle & Woods (1986)
originally suggested that there werc two possible expla-
nations for the apparent diserepancy: hydro-isostatie re-
sponses (Chappell 1974, Clark ¢t al. 1978) or local
teetonism (Playford & [eech 1977, Semeniuk & Searle
1986Db). The results of this study would appear to be con-
sistent with hydro-isostatic displacement, the sense and
magnitude of which compare favourably with results re-
ported by Chappell er /. (1982) and Chappell (1983) for
northeastern Australia, However, local tcctonism seems
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more likely 10 explain the variability in scalcvel record.
Playford & Lecech (1977) noted that there has been up to
300 m of uplift of the Yilgarn Block since thc Eocene, and
suggested local tectonism as one of the causcs tor the elev-
ated scalevel record on this coast. Semeniuk & Searle
(1986b) recently discussed the significance of local
tectonism in producing a variable scalevel history within
accretionary  sequences between  Bunbury and
Whitfords.

Reconstruction of palaeogeography
during the Holocene
Philosophy of approach

The stratigraphy and age structure of the Rockingham-
Becher Pluin can be used to provide a synthesis of the
gecomorphic evolution of the system. This section at-
tempts (0 present a mmp]nﬁcd reconstruction of
palacogeography during the Holocenc between 8000 C14
yrs BP and the present. The synthesis is bascd on:

» the stratigraphy and its palaco-environmental 51gn1h-
cance: the beach facies of the Safcty Bay Sand are littoral
zone sediments; the beachridge and dune facics of the
Safety Bay Sand arc acolian sediments; the Becher Sand
has formed in submarine bank environmcnts, en-
compassing seagrass, slope, sand wave and sand flat
lithotopes: and the Bridport Calcilutite was deposited in
protected basins;

» the age structurc of the various stratigraphic units, and
specifically the beach sediments beneath the plain;

¢ the assumption that a beachridge line represents a syn-
optic picturc of the shoreline, and that the radiocarbon
age of shell material from the beach facies provides an
agc of the overlying beachridge shoreline:

« a modified intcrpretation of Searle (1984) for the
gcomorphic evolution of the coastal system., i.e., islands
and reefs of the offshore Pleistocene aeolianite ridges
erode and degrade, wherecas Holocene banks and
beachridge plains are depositional and progradational
(Fig. 10).

Searle (1984) concluded that Holocene sediment ac-
crction 1n this regxon has becn controlled by the interac-
von of the shelt wave climate with the complex and
croding ridge-and-depression bathymetry, the abundant
sources of sediment, and the evolving bank structures.
Under the influence of prevailing swell and wind waves,
there has been nct northward scdiment transport along
the exposed seaward face of the Garden Island Ridge and
mainland Spearwood Ridge. Where the offshore ridge
sheltered the mainland shore. longshore transport dimin-
1shed as the Garden Island ridge gained prominence. Asa
result the northern littoral drift accumulated in the shel-
tered area behind the south of Garden Island to form a
submarine bank and a series of recurved spits (je a
tombolo effect).

The Garden Island Ridge also acted and still functions
as a perforate barrier allowing a portion of the incident
waves through gaps and passages into the otherwise shel-

STAGE 1.

Submarine
rocky reefs

.
Erasional

STAGE 2.

Advancing
submarine
cusp

Advancing lobate
submarine bank

retreat

Erosional breach
in ridge crest

Erosional retreat

Prograding mainland shore
to form beachridge
topped promontory

barrier

=

STAGE 4.

New lobate

submarine bank  Beachridge topped promontory
extending across entire width
of submarine bank

Figure 10 Stages in the geomorphic evolution of the coastal systems (revised and modificd after Searle 1984).
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tered depressions. Waves passing through breaches in the
ridge divert sediment from the transport pathway on the
seaward sidc of the ridge transporting it eastward into the
adjacent depression to form lobate submarine banks. On-
shore Holocene sediment transport has been largely influ-
cnced by these loei of transmitted wave cnergy 1o form
well defined submarine banks.

Refraction over the banks causes convergence of waves
that have passed through the ridge crest toward the central
axis of the banks, Thus sediment impelled shoreward is
contained within the bank axis. The convergence of waves
also causes a local accumulation of littoral sediment on
the mainland shore. Where the submarine bank lobe has
acereted 1o the extent that it perturbates the swell wave
pattern and disrupts the longshore transport pattern on
the mainland coasl. it causes the mainland to accrete as a
large sandy submarine “cusp” toward the advancing
bank. When the bank and cusp meet, progradation of the
maintand shore across the submarine bank surface is in-
itiated and is centred on the bank-cusp axis. As a result
banks become capped with an exiensive cuspate
beachridge plain. In eontrast. the coastline berween adjac-
ent banks progrades mueh more slowly, Coincident with
bank aceretion there is continuing erosion and widening
of breaches in the Garden Island Ridge culminating in the
lr_eduction of the island chain to a series of submerged reef

1mnes.

The palacogeographie reeonstruction presented in this
paper thus incorporates the large scalc gvolution of banks
and concommitiant erosion of ridges. As such the paper
provides an aliernative 1o palacogeographic reconstruc-
tion of the Holoeene evolation as presented by Churchill
(1959} and subscquent authors (¢.g. Scddon 1972).

In the nearshore submarine area north of Mandurah the
mixed lag of shells and their ages indicate that estuarine
conditions existed locally up to 3000 Cl14 yrs BP. The
estuarine deposits would have been protected by a spit or
barrier (similar to the modern Wonnerup Inlet.
Geographe Bay). The barrier was probably flanked to sca-
ward by a beach and bank facies. The entire sequence of
estuary, barricr spit and bank sediments have since been
eroded lcaving a gravel lag of mixed estuarine. bank.
beach and rocky pavement shells.

Palaeogeographie reconstructions
For convenience. the reconstruction of Holocene
palaeo-geography is described in 5 stages (Fig. 11):
Stage 1: pre 8000 C'14 yrs BP
Stage 2:  8000-6000 C14 vrs BP
Stage 3:  6000-4000 C14 yrs BP
Stage 4:  4000-2000 C'14 yrs BP
Stage 5: 2000 Cl4 yrs BP 1o present

Stage 1:pre 8000 C14 yrs BP: During the last glaciation
around 20000 yrs BP the limestone ridge-and-depression
landscape between Mandurah and Fremantle was ex-
posed with the sea situated approximately some 50 km to
the west along the 100 m contour. The local terrain con-
sisted of two major ridges standing some 40-60 m above
the floor of an clongate valley which extended northward
from the Peel-Harvey valley to open onto a flat plain near
Fremantle. Apart from scveral low and discontinuous
ridges. the valley was featureless, 1t is possible that at this
time the Harvey, Murray and Serpentine rivers all dis-
charged into the southern part of the valley before flowing
northwards to coalesce with the Swan River near
Fremantle. By about 18000 yrs BP the icc age ended and
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world sealevel started to rise. The sea first entered the val-
ley around 8500 C14 yrs BP resulting in local deposition
of cstuarine deposits in the deeper depressions.

Stage 2:3000-6000 C 14 yrs BP: Between the period 8000-
6000 C14 yrs BP when scalevel rose to near its present
level the ancestral clongate valley was flooded to a depth
of some 20m, 1o form a continuous waterway, the
Warnbro-Cockburn Depression. The mainland shore,
compriscd of limestone rocky shores, pocket beaches and
localised parabolic dunes, was situated along the western
margin of the Spearwood Ridge. The Garden Island Ridge
was mostly a continuous elongate island with only one
major opcning to the south, It is also probable that the
Five-Fathom-Bank Ridge was almost 1o1ally inundated.

Marine erosion of the weakly lithified Garden Island
Ridge resulted in a breach developing near Rockingham
which allowed sediment supplied from the eroding breach
and from the western side of the ridge 1o be transported
into the depression behind. The transported sediment was
confined 10 loci of wave convergence, which extended
castward. and a diseretc cast-west bank began to form.
Concurrently. the mainland shore was subject to normal
littoral processes which transported sand along the coast
from the south. Where the mainland topography was low.
sand was mobilised inland to form transgressive parabolic
dunes perched on the Spearwood Ridge.

Thc majority of sediment impelled north by littoral
drift. however. progressively accumulated under the com-
bined effeet of the shclter of the Garden Island Ridge and
the influence of the now inundated lower limestone ridge
to form a bank (the incipient Rockingham Bank) topped
by a scries of reeurved spits, Thesc spits cventually en-
closed a northfacing embayment. While the embayment
was open to the sea its southern part became filled with
scagrass bank scdiments that were in part covered
subsequently by the spits. By 6500 C14 yrs BP the spits
linked with ihe Spearwood Ridge in the north thereby 150-
lating the embayment from the sca. the northern half re-
maining an unfilled water body some 710 m deep.

In the Mandurah area a barricr spit-protected estuary
developed at the mouth of the Peel-Harvey exchange
channel. In response to the nett northerly littoral drift and
the protection of Murray reefs and Halls Head, the
estuarine-spit complex probably was oriented parallel to
1he coast extending from Mandurah toward the north,

Stage 3:6000 -4000 C 14 yrs BP: During this period break-
down of the Garden Island Ridge and partitioning of the
Warnbro-Coekburn Depression into discrete basins con-
tinued. Sand transported onshore and alongshore eontrib-
ated to the rapid growth of the Roekingham Bank and the
subaerial beachridge plain, which by 4000 BP had ex-
tended halfway across the depression. Another major
breach in the Garden Island Ridge was developed also
during this period and sands were transporied through the
breach into the depression behind to initiate and contrib-
ute 1o the formation of the Becher Bank. By 4000 BP the
Becher Bank had sufficient elevation to influence the
shape of the shoreline behind.

The barrier spit-protected estuary was still located to
the north of the Peel-Harvey estuary exchange channel.
Stage 4:4000 -2000 CI14 yrs BP: During this period
break-down of the Garden Island Ridge, growth of Becher
Bank. and progradation of beachridge plains over the axes
of both Becher and Rockingham banks continued. Sand
transported onshore and alongshore contributed 1o
growth of Becher Bank to the extent that the growth pat-
tern of the entire Rockingham-Becher Plain began to re-
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107



Journal of the Royal Society of Western Australia 70 (4), 1988

flect the presence of both banks. The pattern of growth of
the Rockingham Plain became complex as it neared the
Garden Island Ridge. with smaller scale tombolos and
spits developing behind the remnants of the ridge and the
broken chain of submerged reefs to the west. By ¢ 2 500
C14 yrs BP Rockingham Plain joined with the ~ Garden
Island Ridge linking Pt Peron with the mainland and
effectively separating Warnbro Sound from Cockburn
Sound. Subsequently, Lake Richmond was isolated from
Cockburn Sound by the advancing Rockingham Point
which linked with the older ridges Lo the west. Towards
the end of this period Becher Bank had developed to the
stage where rapid advance of the subaerial Becher plain
was possible. This consumed most of the available sand
arriving from the south, effectively depleting the supply to
beaches to the north. Consequently while Becher Point
prograded rapidty, the shores to the north remained static
or prograded slowly.

Up to 3000 C14 vrs BP the barrier spit-protected estu-
ary was still located to the north of the Pecl-Harvcey estu-
ary exchange channcl. Thereafter the entirc barrier-
estuary sequence was eroded to leave a ribbon-shaped
shell grave! lag deposit to be buricd later by nearshore
shelf sand and onshore acolian sand.

Stage 3:2000 C14 vrs BP to Present:  During the last 2000
yrs breakdown of the Garden Island Ridge and growth of
the Becher Plain has continued. The growth of the Becher
Bank and plain combined to deplcte the supply of sand to
the beaches to the north. Consequently some beachces
north of Warnbro Sound have undergone minor erosion
whilst the shore of Warnbro Sound itself has advanced
more slowly. The presence of truncated ridge trends south
of Becher Point suggests that Becher Pt itself ceased ad-
vancing some time within the last 500 years with resulting
crosion and realignment of the point. The final coastal
configuration and gcography as a result of the coastal
evolution and the incrementa! scdiment additions for
cach 2000 yr interval are shown in Fig. 11. The incremen-
tal sediment additions indicate that supply of sediment.
to a large extent, has been from the south possibly from
the eroding Leschenault-Preston Sector as suggested by
Semcniuk & Mcagher (1981).

Discussion

The natural history features of the Rockingham-Bcecher
Plain are significant in Western Australia and also have
worldwide importance for a number of reasons. Firstly.
the Rockingham-Becher Plain comprises the largest uc-
cumulation of Holoccne sand in the region of the inner
Rottncst Shelf coast. with ¢ 3 x 10° m® ol sediment stored
in system. In contrast, elscwhere in the region, the
Leschenault-Preston Sector contains ¢ 3 x 107 m? of sedi-
ment, and Geographe Bay contains ¢ 0.5 x 10Y m? of sedi-
ment. As a consequence of the large amount of siored
sediment. the Holocence sand deposit of the Rockingham-
Becher Plain potentially contains a wealth of natural his-
tory information. For instance, the Holocene deposits
preserve an inleresting stratigraphy and history of
sedimentation.

The sedimentary system of the Rockingham-Becher
Plain is relatively simple and can be classified as a carbon-
ate complex, akin to the Shark Bay scagrass sedimentary
complexes, notwithstanding that in the Rockingham-
Becher area there also is a significant quartz content in the
scdiment. The stratigraphy of the area also is relatively
simple. consisting essentially of three main units accumu-
lated in superposition, and cach representing a distinct
environment of deposition. The style of sedimentation
and the coastal history of the area, in that it is an example
of Holocene sedimentation in a bathymetrically complex
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coastal zone, contrasts with that of the other sectors of the
inner Rottnest Shelf (Searle & Scmeniuk 1983) and, for
that matter, areas such as Shark Bay (Logan & Cebulski
1970} or the tropical macrotidal coast of northwestern
Australia  (Semeniuk  1986b).  Consequently, the
Rockingham-Becher Plain area is significant in that the
sedimentologic-stratigraphic model derived from this
arca provides a case book example of worldwide import-
ance of Holocene sedimentation and stratigraphic
¢volution,

Additionally. a range of natural features in the area pro-
vide a unique opportunity to enablc reconstruction of
sealevel history and geomorphic evolution of the plain.
These features include the abundance of Holocene and
contemporary skeletal material available for radiocarbon
dating in the carbonate-rich sediment, the specific
scalevel indicators as preserved in the stratigraphic se-
quence, the microtidal setting, and the distinctive parallel
beachridge coastal gcomorphology that results from
shorelinc progradation. In contrast to many other
sedimentologic settings elsewhere in thc world, the
microtidal sctting and facies types of the Rockingham-
Becher area has resulted in a simplc and concise layered
stratigraphy. Again, in contrast to other sequences clse-
where. the abundant shell material in the Rockingham-
Becher deposits enables shells of various phylogenetic
groups to be rigorousty selected for radiocarbon analysis,
and allows for dating from a selected stratigraphic inter-
val. Other scquences elsewhcre in the world or in eastern
and southern Austratia. while they may cxhibit distinct
beachridge trends do not necessarily contain abundant
shells for radiocarbon processing: those that are com-
posed of abundant shells and carbonaic sediment do not
necessarily exhibit the definitive and extensive coastal
beachridge patterns or depositional environments present
in this area. The factors of abundant shell material avail-
able for C14 analysis, the simple stratigraphy. and the de-
finitive gecomorphic trends are all present in conjunction
in this study area.

Another important feature is that beachridge plains de-
seribed worldwide frequently contain a sequence of ridges
that reflect changes in depositional style during the period
7000 yrs BP to present, The Rockingham-Becher Plain on
the other hand reflects a consistent depositional style
throughout the latter period of the Holocene. As a conse-
quence the geomorphology and stratigraphy of the
Rockingham-Becher Plain assumes a national to world-
wide significance, and it is suggested herc that the area can
be used as a model for coastal evotution for global
gecomorphic. sedimentologic and stratigraphic studies.

In addition. becausc it records a depositional history
from 7000 C14 yrs to the present, and contains a pre-
served stratigraphy and gcomorphology throughout this
interval of the Holocene, the Rockingham-Becher Plain
also assunies importance as a potcnuial resource 10 1NVEs-
tigate long term climate changes and cyclic sedimentation
patterns.  This  has  important implications  for
climatologists attempting to unravet Holocene climate
changes over the past 7000 yrs as an index to predicting
futurc climatic trends.

The record of sealevel history preserved in the se-
quences of the Rockingham-Becher Plain also is import-
ant. The Western Australian coast always has been the
focus for global interest in seafevel studies because of the
pioncering studics of Fairbridge {(1961) centred on
Rottnest Island and Point Peron. Although thce
accretionary sedimentary rccord provides evidence on
sealevel history that differs with that derived from rocky
shores. the record preserved in the stratigraphy under the
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beachridge plains is still of global importance. This
sealevel history that has been documented as a standard
example of sealevel response for this part of the continent
and. in conjunction with the evidcnce from clsewhere in
southwestern Australia. provides an imporiant addition
to a global 1o regional understanding of Holocene scalevel
history.
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